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Abstract
Type I X-ray bursts are thermonuclear flashes observed from the surfaces of accreting neutron stars
(NSs) in Low Mass X-ray Binaries. Oscillations have been observed during the rise and/or decay
of some of these X-ray bursts. Those seen during the rise can be well explained by a spreading hot
spot model, but large amplitude oscillations in the decay phase remain mysterious because of the
absence of a clear-cut source of asymmetry. To date there have not been any quantitative studies
that consistently track the oscillation amplitude both during the rise and decay (cooling tail) of
bursts. Here we compute the light curves and amplitudes of oscillations in X-ray burst models that
realistically account for both flame spreading and subsequent cooling. We present results for several
such “cooling wake” models, a “canonical” cooling model where each patch on the NS surface heats
and cools identically, or with a latitude-dependent cooling timescale set by the local effective gravity,
and an “asymmetric” model where parts of the star cool at significantly different rates. We show
that while the canonical cooling models can generate oscillations in the tails of bursts, they cannot
easily produce the highest observed modulation amplitudes. Alternatively, a simple phenomenological
model with asymmetric cooling can achieve higher amplitudes consistent with the observations.
Subject headings: stars: neutron — stars: oscillations — X-rays: binaries — X-rays: bursts
1. INTRODUCTION
Type I X-ray bursts are thermonuclear explosions ob-
served from neutron stars (NSs) in many Low Mass X-
ray Binaries (LMXBs). In these systems the NS accretes
H- and/or He-rich matter from its companion star and
when enough fuel is accumulated it can burn unstably
causing periodic thermonuclear flashes on the NS sur-
face (Strohmayer & Bildsten 2006; Galloway et al. 2008;
Woosley & Taam 1976; Lamb & Lamb 1978). During a
burst the X-ray flux rises by a factor of ∼ 10 − 20 in a
couple of seconds and then decays on a longer timescale
as the surface cools. Oscillations have been detected dur-
ing the rise and/or decay of some of these X-ray bursts
with frequencies that are within a few Hz of the NS spin
frequency (Strohmayer et al. 1996; Watts 2012). These
“burst oscillations” are rotationally induced modulations
resulting from an asymmetric temperature distribution
on the NS surface. Their properties during the rise can
be explained by a spreading hot spot that engulfs the
star in about 1 s (Strohmayer et al. 1997; Chakraborty &
Bhattacharyya 2014), however, oscillations observed dur-
ing the decay phase (tail) of bursts have been harder to
understand, as the source of asymmetry is less clear cut.
Figure 1 shows an example of an X-ray burst observed
with the Rossi X-ray Timing Explorer (RXTE) from the
LMXB 4U 1728-34 on 1997 September 20, which shows
oscillations both during burst rise and decay. As shown
in the lower panel, during the rise the amplitude of the
oscillations decreases until the peak of the burst, then it
slowly increases in the tail until it reaches a maximum
of ≈ 15% and then decays again. Here and throughout
we use the so-called half-amplitude (see §3 for a detailed
explanation).
Several models have been proposed to explain the tail
oscillations. It was suggested by Heyl (2004) that they
might be due to surface oscillation modes, such as r-
modes (see also Lee & Strohmayer (2005)), however, it
remains unclear whether the modes can be excited to
the amplitudes required to account for the observed X-
ray modulation amplitudes (see Figure 1), and estimates
of their mode frequencies in the co-rotating frame are
uncomfortably high to be consistent with the observed
closeness of the burst oscillation and stellar spin frequen-
cies (Berkhout & Levin 2008; Muno et al. 2002).
Alternatively, Cumming & Bildsten (2000) suggested
that the tail oscillations might be due to a “cooling
wake,” the temperature asymmetry due to cooling of the
NS surface since it takes a finite time for both the at-
mosphere to cool and the burning to spread around the
star. Spitkovsky et al. (2002) showed that the temper-
ature gradient will drive a zonal thermal wind moving
opposite to the NS rotation, and suggested that if an in-
homogeneous feature such as a vortex were trapped in it,
this could produce a flux modulation.
The timescale and geometry of the flame spreading
are important, even for oscillations in the tail, because
they set the “initial conditions” for subsequent cooling.
Spitkovsky et al. (2002) first analyzed global hydrody-
namical flows on an accreting NS and estimated the burn-
ing front speed taking into account the Coriolis effects. It
was subsequently shown by Bhattacharyya & Strohmayer
(2007) and Maurer & Watts (2008) that these effects
are important for explaining observations of burst light
curves and oscillation amplitudes (see also Chakraborty
& Bhattacharyya (2014)). Spitkovsky et al. (2002) also
argued that ignition is likely to start at the equator where
the effective gravitational acceleration is lowest on a fast
rotating NS, but later Cooper & Narayan (2007) showed
that, depending on the accretion rate, ignition could oc-
cur on or off the equator. More recently, Cavecchi et
al. in a series of papers (Cavecchi et al. 2013; Cavecchi
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et al. 2015a,b) presented results of 2D hydrodynamical
simulations of Type I X-ray bursts, including the effect
of rotation and magnetic field which confirmed earlier
results by Spitkovsky et al. (2002) regarding the impor-
tance of the Coriolis force on the flame propagation and
showed that the magnetic field can also have an influence
on the flame propagation and ignition location that, de-
pending on the field strength, may be comparable to the
Coriolis force.
However, to date there have not been any detailed,
quantitative studies of the properties of tail oscillations
that can be produced by realistic “cooling wake” mod-
els. Here, we attempt to address the question of whether
such models can naturally account for the relatively large
amplitudes seen in some bursts, or whether additional
physical effects are needed. The plan of the paper is
as follows. We first summarize our methods for model-
ing burst light curves, including ignition, spreading and
subsequent cooling. We then present results for several
models. First we explore two “canonical” cooling mod-
els, where each patch on the NS surface heats and cools
in a prescribed way. In the first such model the heating
and cooling functions are assumed to be identical for all
parts of the star. In the second case we allow for latitude
dependent variations in the cooling timescale, as might
occur if the accretion rate (and thus column depth) were
to vary with latitude. Such variations are expected for
rapidly rotating stars due to latitudinal variations in the
effective surface gravity (see Spitkovsky et al. (2002);
Cooper & Narayan (2007)). We show that while such
models do produce oscillations in the cooling tail, they
cannot easily generate the large amplitudes seen in some
bursts. Next, we explore a phenomenological “asymmet-
ric” cooling model where parts of the star cool at signif-
icantly different rates. We show that this simple model
can achieve higher amplitudes consistent with the largest
observed. Finally, we briefly discuss several physical ef-
fects that could induce asymmetric cooling.
2. METHOD
To model X-ray burst light curves we assume the
burst ignites a hot spot locally somewhere on the star
and burning then spreads to engulf the entire sur-
face. We assume that surface elements comprising
the hot spot emit a black body spectrum, and we
take into account in our computations both special-
and general relativistic effects, including Doppler shifts
and boosting, aberration, gravitational redshifts and
light-bending in the Schwarzschild geometry (the so-
called Schwarzschild+Doppler approximation, see Miller
& Lamb (1998); Poutanen & Beloborodov (2006)). We
also include an angle dependent emissivity in our mod-
els using an approximation from J. Poutanen (2012, pri-
vate communication), where the spectrum is given by the
Planck function, but the angular distribution is assumed
to be that produced by a coherent electron scattering
dominated, plane-parallel, semi-infinite atmosphere.
On a fast rotating NS the burning region is unlikely
to spread uniformly over the surface and one needs
to include the effect of the Coriolis force (Spitkovsky
et al. 2002; Bhattacharyya & Strohmayer 2007; Maurer
& Watts 2008). Spitkovsky et al. (2002) estimated the
Fig. 1.— Dynamic power spectrum overplotted on the PCA
light curve (top) for the 1997 September 20 burst from 4U 1728-
34, and the fractional amplitude (half-amplitude, see Section 3) of
oscillations during the burst (bottom). The contour levels that are
plotted on the top panel are [20, 24, 28, 32, 36, 40, 50, 60, 70, 80,
100, 120]. Power spectra (and amplitudes) were computed from
overlapping 1 s intervals, with a new interval starting every 1/4 s.
The light curve has 1/16 s time bins.
flame speed in a NS ocean as follows:
vflame ∼ [ghhot
tn
1/tfr + η/tn
f2 + (1/tfr + η/tn)2
]1/2 (1)
where tn is the timescale of the thermonuclear burning
which is set by the composition of the burning mate-
rial, tfr is the frictional coupling timescale between the
top and bottom layers of the burning region, hhot is
the scale height of the ocean behind the burning front,
f = 2Ω cos θ is the Coriolis parameter, where Ω is the
angular spin frequency of the NS and θ is the colatitude
of the spot center, and η is a constant of order unity.
When frictional coupling is weak, (i.e. tfr  tn and
tfr  1/f):
vflame =
vpole
cos θ
(2)
where vpole ∼
√
ghhot/2Ωtn.
In the case of strong friction (tfr . tn and tfr  1/f):
vflame ∼ (ghhottfr
tn
)1/2 (3)
The flame speed reaches its maximum value in the in-
termediate regime when friction is important (i.e. tfr .
tn) and tfr = 1/f :
vflame =
v′pole√
cos θ
(4)
where v′pole ∼
√
ghhot/(4Ωtn).
Cavecchi et al. (2013) performed hydrodynamic simu-
lations of the lateral propagation of a deflagrating, verti-
cally resolved flame on the surface of a rotating, accreting
NS and showed that the horizontal propagation velocity
is proportional to 1cos θ . In our modeling we consider both
cases of 1/ cos θ and 1/
√
cos θ for the latitude dependence
of the flame speed. We consider flame speeds such that
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the time to ignite the entire stellar surface is less than a
few seconds, so as to approximately match the observed
rise times of bursts.
We consider several models to explore the properties
of burst oscillations in the tail. The first is a “canon-
ical” cooling model in which we assume that, once ig-
nited, all surface elements of the star follow the same
temperature evolution (we refer to this as the “symmet-
ric” cooling model). In this model each surface element,
once ignited, evolves in temperature according to an ex-
ponential rise and decay. We use an expression similar
to Bhattacharyya & Strohmayer (2006a) and Maurer &
Watts (2008) for the temperature evolution:
T = T0, t ≤ tig
= (T0 + ∆T [1− exp(−(t− tig)
τr
)]), tig ≤ t ≤ tig + ∆tr
= (T0 + ∆Tm exp(
−(t− (tig + ∆tr))
τd
)), t ≥ tig + ∆tr
(5)
where tig, ∆tr, τr, τd are the ignition time, the tem-
perature rise time (from ignition to peak), the rise
timescale, and the decay timescale, respectively. In
addition, T0 and ∆T are the background (minimum)
temperature and temperature contrast, respectively and
∆Tm = ∆T [1− exp(−∆trτr )].
1D hydro simulations of X-ray bursts (Taam 1980;
Woosley et al. 2004; Weinberg et al. 2006) give the light
curve for a single patch on the star. The shape of the
light curve in these models is sensitive to the composi-
tion of the accreted layer and the burning regime. The
temperature profile that we use here gives a reasonable
approximation to the shape of a single patch light curve
in these simulations. Temperature parameters used in
our models are T0 = 1.5 keV, ∆T = 1.5 keV, ∆tr = 0.46
s, τr = 0.1 s and τd = 6 s. These parameters result in a
burst rise time of about 1 s and a decay time of about
11 s. Since there is a finite time over which the burning
spreads, there will always be some temperature gradi-
ent across the NS surface. This temperature asymmetry
combined with rotation of the star results in oscillations
during the burst tail.
We also consider a variation of the “symmetric” model
in which the cooling timescale, τd, is assumed to vary
with latitude (we call this the “latitude-dependent” cool-
ing model). On a rapidly rotating NS the effective
gravitational acceleration is reduced along the rotational
equator and enhanced at the poles. This can lead to
variations in the local accretion rate and hence the ac-
creted column with latitude (Cooper & Narayan 2007).
Since the vertical cooling time is basically set by the
column depth at which heat is released, coupled with
the thermal conductivity of the material above, varia-
tions in the accreted column and/or composition across
the star could in principle lead to changes in the cooling
timescale with latitude. Since the local mass accretion
rate is proportional to the inverse of the effective gravi-
tational acceleration (m˙(θ) ∝ g−1eff (θ)) (Spitkovsky et al.
2002; Cooper & Narayan 2007), we assume that the cool-
ing (decay) timescale, τd, in Eq. 5 varies with latitude
like 1/geff (θ) ∝ 1/(1 + ceΩ¯2 sin2 θ+ cpΩ¯2 cos2 θ). Where
ce = −0.791 + 0.776(M/R), cp = 1.138 − 1.431(M/R)
and Ω¯ = Ω
√
R3/M (in geometric units G = c = 1; Al-
Gendy & Morsink (2014)). Note that geff is lowest at the
equator and increases toward the pole, and therefore the
mass accretion rate and the cooling timescale are largest
at the equator and decrease toward the poles. While this
model includes variations in the cooling timescale across
the star, the variations retain symmetry about the spin
axis.
Lastly, we consider a simple phenomenological model
with “asymmetric” cooling. By this we mean that the
variations in the cooling timescale are no longer sym-
metric about the rotational axis. In this model we do
not consider the full temperature evolution of each indi-
vidual surface element. In this “spreading cooling wake”
model we have only two temperatures, Th and Tc that
represent the temperature of the burning region and the
rest of the star (cool regions), respectively. In this model,
when burning spreads over the star, the temperature of
each patch changes from Tc to Th. The burning spreads
in the same way as in the previous model, the only dif-
ference is that at t = trise = 1 s when the whole surface
is burning there is no temperature gradient across the
star. When cooling begins, regions that started burning
earlier are assumed to cool first and their temperature
changes from Th to Tc. The cooling is assumed to spread
in the exact same way as the burning but just over a
longer time. Here, we use a total duration of 10 s for the
cooling phase, which is characteristic of observed bursts.
That is, the speed of the spreading of cooling is taken to
be 0.1×vflame, which gives a total decay time of 10 s. In
this model at t =1 s all patches on the surface are ignited
and have a temperature of Th, but since the cooling dura-
tion is longer, and also the cooling is assumed to spread
in a similar way as burning, the patches that burned first
will cool first and also in a shorter time than other parts
of the star. For example, at t =1.5 s a small region on
the surface that has been ignited first will be already cool
(with T = Tc), but it will take longer (up to 10 s) for
the patches that burned last to cool. Therefore the to-
tal time that a given patch is hot is different from any
other patch. For example, the total time that the first
burned patch is hot is about 1 s, the patch that burned
at t =0.5 s will be hot for ∼ 5.5 s and the last patch
that burned at t =1 s will be hot for ∼ 10 s. This simple
model approximates what may happen if the timescale of
cooling varies across the surface in a manner that breaks
the symmetry about the rotation axis, i.e. if the heat
transport varies with position on the star. For exam-
ple, if there is significant transverse heat flow between
hot and cold regions then the timescale of cooling in the
area where burning started first might be shorter since it
is initially surrounded by cooler regions, but those that
burn last are already surrounded by hot areas and there-
fore it might take longer for them to cool. While it is
likely that lateral conductive heat transport is negligible
given the large difference between the vertical and hori-
zontal scales in the burning front (Cavecchi et al. 2013),
convective and hydrodynamic flows not fully captured
by 2D hydrodynamic simulations could perhaps increase
the transverse heat flow. Other possibilities for induc-
ing asymmetric cooling would be different fuel depths or
composition across the star and also varying amounts of
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Fig. 2.— Bolometric light curves for the “symmetric” cooling model. The left panel shows the smoothed bolometric light curves during
the rise and decay of the burst (averaged over five rotation cycles). The right panel is similar to the left panel, but the first second of the
light curve (burst rise) is shown on an expanded scale. The black, red, green and blue curves correspond to models with M = 1.4M,
R=10 km, ν=400 Hz, i = 70◦, D = 10 kpc and vflame ∝ 1cos θ with θs = 10, 30, 85 and 150◦ respectively. The orange and cyan curves
have similar parameters as the green curve (θs = 85◦) but with M = 1.8M and vflame ∝ 1√cos θ respectively. The magenta model is the
same as the cyan one but with a spreading speed that is half of that model. Temperature parameters used in these models are T0 = 1.5
keV, ∆T = 1.5 keV, ∆tr = 0.46 s, τr = 0.1 s and τd = 6 s.
Fig. 3.— Fractional oscillation amplitude vs. time for the “symmetric” cooling model. The color coding is the same as Figure 2. On the
right panel the fractional amplitudes are shown on an expanded scale up to t = 1 s. Note that the vertical scales are also different before
and after t = 1 s.
heat flux from deeper layers for different parts of the NS
surface.
3. RESULTS
Figure 2 shows several burst light curves computed
with the canonical (“symmetric”) cooling model. Differ-
ent curves correspond to different ignition latitudes, θs,
NS compactness and flame spreading speeds (vflame ∝
1
cos θ and
1√
cos θ
). The black, red, green and blue curves
correspond to models with M = 1.4M, R = 10 km,
ν = 400 Hz, i = 70◦, D = 10 kpc and vflame ∝ 1cos θ with
θs = 10, 30, 85 and 150
◦, respectively. Here, M , R, ν, i
and D are the stellar mass, radius, spin frequency, ob-
server’s inclination angle, and the distance to the source,
respectively. The orange and cyan curves have similar
parameters as the green curve (all have θs = 85
◦) but
with M = 1.8M and vflame ∝ 1√cos θ , respectively, to
show the effect of compactness and flame spreading ve-
locity on the light curve. The magenta curve has the
same parameters as the cyan curve but with a spreading
speed that is half of the cyan one.
To highlight the differences in the rising phase more
clearly, in Figure 2 (right panel) we also show the light
curves on an expanded scale up to t = 1 s. As burning
Burst Oscillation Models 5
Fig. 4.— Fractional amplitudes for the “canonical” cooling
model with latitude-dependent cooling timescales. The black, red,
and green curves correspond to models with M = 1.4M, R=10
km, ν=400 Hz, i = 70◦, D = 10 kpc and vflame ∝ 1cos θ with
θs = 30, 60, and 85◦ respectively. The blue and cyan curves are
the same as the red one but with M = 1.8M and ν=600 Hz,
respectively (note that red, cyan and green curves almost overlap).
The magenta curve has M = 1.4M, θs = 85◦, ν=600 Hz and
R=12 km. The orange curve has similar parameters as the ma-
genta one, but with a spreading speed that is half of that model.
Note that the amplitudes are shown on an expanded scale up to
t = 1 s. Also the vertical scale is different before and after t = 1 s
on this plot.
spreads over the surface the flux increases until it engulfs
the whole star, after that, since the temperature of each
surface element decays exponentially with time, the flux
decreases. The shape of the light curve during the rising
phase depends on several factors such as the ignition lat-
itude, the flame spreading geometry and speed, and its
latitudinal dependence (Maurer & Watts 2008). When
ignition starts near a pole (black, red and blue curves
with θs = 10, 30 and 150
◦) the rise light curve is more
concave (rises more slowly) compared to when it starts
near the equator (θs = 85
◦, see Maurer & Watts (2008)).
Figure 3 shows the evolution of burst oscillation am-
plitudes during the burst rise and decay for the “sym-
metric” model. The color coding is similar to Figure 2.
To compute the fractional amplitudes we calculate the
so-called half-amplitude. The light curve is phase-folded
in the time intervals of interest, and the amplitude is
determined as f = (Imax − Imin)/(Imax + Imin), where
Imax and Imin are the maximum and minimum values in
the phase-folded light curves, respectively. To the extent
that the light curves are consistent with sinusoids, this is
equivalent to fitting the phase-folded light curve with the
model A+ B sin(2piνt+ φ0), and defining the fractional
amplitude as B/A. This definition of fractional ampli-
tude is
√
2 times larger than the rms amplitude used in
many papers. Therefore, to compare the rms amplitudes
with our amplitudes, they should be multiplied by
√
2.
The maximum of the tail amplitudes in the “symmet-
ric” model ranges from 1.5% to 8% depending on the
ignition latitude, NS compactness and the flame spread-
ing geometry/speed. The temperature asymmetry com-
bined with rotation of the star produces oscillations dur-
ing the decaying phase, but since the temperature gra-
dient across the surface is not very large after burning
has spread over the whole surface, the amplitude does
not get large enough to explain the observations where
the amplitudes in the tail can be ≥ 15% (see Figure 1;
Galloway et al. (2008); Muno et al. (2002); van Straaten
et al. (2001)). Note that the amplitudes only slightly in-
crease by increasing ∆T in Eq. 5. The largest tail ampli-
tude is produced by the model with the longest (slowest)
rise-time (spreading speed). This is not too surprising
since there is a longer time for cooling to introduce a
temperature gradient when the spreading speed is slower
(assuming a constant cooling timescale). However, some
bursts with large tail amplitudes have fast (≈ 1 s) rises
(see Figure 1), so this effect cannot account for all large
observed tail amplitudes.
In Figure 4 we show the evolution of the fractional
amplitudes for several models with latitude-dependent
cooling timescales. The black, red, and green curves cor-
respond to models with M = 1.4M, R=10 km, ν=400
Hz, i = 70◦, D = 10 kpc, vflame ∝ 1cos θ and θs = 30, 60,
and 85◦, respectively. The blue and cyan curves are the
same as the red one but with M = 1.8M and ν=600
Hz, respectively. The magenta curve has M = 1.4M,
θs = 85
◦, ν=600 Hz and R=12 km, and the orange model
has similar parameters to the magenta one, but with
a spreading speed that is half of that model. Increas-
ing both the spin frequency and stellar radius increases
the variations in effective gravitational acceleration from
equator to pole, thus making the difference between cool-
ing timescales at the equator and pole larger. This causes
a larger temperature asymmetry across the star and leads
to somewhat larger fractional amplitudes. Comparing
the red and cyan curves, which almost overlap, and also
the green and magenta curves we note that increasing
the frequency has a smaller effect on increasing the am-
plitudes than the radius. However, comparing Figure 4
with Figure 3 we see that the fractional amplitudes in
the burst tail only slightly increase with the inclusion of
a latitude-dependent cooling timescale, thus, this model
is still not able to explain the largest observed amplitudes
in burst tails.
Figure 5 shows the light curves for the phenomeno-
logical model with “asymmetric” cooling. The black,
red, green and blue curves correspond to models with
M = 1.4M, R=10 km, ν=400 Hz, i = 70◦, D = 10 kpc,
Th = 3 keV, ∆T = Th − Tc = 1.5 keV and vflame ∝ 1cos θ
with θs = 10, 30, 85 and 150
◦ respectively. The orange,
magenta and cyan curves are similar to the green curve
(θs = 85
◦) but with M = 1.8M, ∆T=2 keV and
vflame ∝ 1√cos θ , respectively. As for the “symmetric”
model, one can see a clear difference in the shape of
the light curves during the rising phase depending on
whether the ignition starts near the pole or the equator
(Maurer & Watts 2008). Also, for models where ignition
starts near the pole the light curve decays more slowly
in the first few seconds after the peak compared with
near-equatorial ignition. This is due to our assumption
for this model that cooling spreads in the same way as
burning (i.e., with the same angular dependence as from
the Coriolis effects), in which case it would take longer
for the cooling to reach the equator.
Figure 6 shows the fractional amplitudes during the
burst rise and decay for the “asymmetric” cooling model.
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Fig. 5.— Left panel shows the smoothed bolometric light curves for the rise and decay of the burst in our “asymmetric” cooling model.
The black, red, green and blue curves correspond to models with M = 1.4M, R=10 km, ν=400 Hz, i = 70◦, D = 10 kpc, Th = 3 keV,
∆T = Th − Tc = 1.5 keV and vflame ∝ 1cos θ with θs = 10, 30, 85 and 150◦ respectively. The orange, magenta and cyan curves are similar
to the green curve (θs = 85◦) but with M = 1.8M, ∆T=2 keV and vflame ∝ 1√cos θ respectively. Right panel shows the light curves on
an expanded scale up to t = 1 s (burst rise).
Fig. 6.— Fractional oscillation amplitude vs. time for the “asymmetric” cooling model. The color coding is the same as Figure 5. In
the right panel the fractional amplitudes are shown on an expanded scale up to t = 1 s.
The color coding is similar to Figure 5. During the burst
rise as the hot spot gets larger, the fractional amplitude
increases, until burning reaches the equatorial region and
quickly wraps around the equator due to the Coriolis ef-
fect. This then results in more symmetric burning and
therefore smaller fractional amplitudes. As the burning
spreads over a larger portion of the star and also the to-
tal flux increases the fractional amplitude continues to
decrease. When burning engulfs the whole star there
is by assumption no longer any temperature asymme-
try in this model and the fractional amplitude goes to
zero.1 After that, as the star begins to cool, the temper-
1 This is due to the simplification in the asymmetric model where
ature asymmetry and therefore the fractional oscillation
amplitude grows. The amplitude of the tail oscillations
can be significantly larger in this model compared to the
“canonical” models, and ranges from less than 10% to
about 35% depending on the compactness of the star,
the temperature gradient and the flame spreading speed
in this model. The sudden rise in amplitudes around
t = 4 − 6 s in the red, blue and black curves is due to
the temperature changes like a step function as opposed to the
gradual temperature change in the “canonical” models where there
is always some temperature difference between different regions,
even in the peak of the burst. If there was a gradual change from
Tc to Th and vice versa, the amplitude would not go to zero at the
peak.
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Fig. 7.— Fractional amplitude vs. time for different inclination angles for the “symmetric” cooling model (left panel) and “asymmetric”
model (right panel). In both plots the solid curves correspond to an ignition latitude of θs = 30◦ and the dashed curves correspond to
an ignition latitude of θs = 85◦. The black, green, blue, magenta and cyan curves correspond to i = 30, 70, 90, 110 and 130◦, respectively.
Other parameters are the same as those used for the red and green models in Figures 2 and 4. Note that the amplitudes are shown on an
expanded scale up to t = 1 s. Also the vertical scale is different before and after t=1 s on the left panel.
the rapid cooling near the equator, and therefore a sud-
den decrease in the total flux. This is because when the
cooling front reaches the equator it spreads around the
star and decreases the total flux, but since the spreading
is more or less symmetric around the equator it doesn’t
cause a big temperature asymmetry, therefore the am-
plitude of the oscillations stays approximately the same,
but since the total flux decreases, the fractional ampli-
tude increases at that point. In general the amplitude
of the tail oscillations are larger when vflame ∝ 1√cos θ
compared to vflame ∝ 1cos θ , assuming that the burning
engulfs the star in ∼ 1 s in both cases. The reason is
that in the former case it takes longer for the burning
to spread around the equator and therefore there will
be more temperature asymmetry compared to the latter.
We also note that as the compactness of the star increases
the oscillation amplitudes decrease, since at each time a
larger portion of the surface would be visible.
Since we are interested in exploring the largest am-
plitudes that can be produced in the cooling tails of
bursts we used a favorable observer’s inclination angle
of 70◦ for the results shown in Figures 2 - 6. However,
for completeness, in Figure 7 we also explored the effect
of inclination angle on the amplitude of burst oscilla-
tions. The left panel in this figure corresponds to the
“symmetric” cooling model, and the right panel to the
“asymmetric” model. In both plots the solid and dashed
curves correspond to an ignition latitude of θs = 30 and
85◦, respectively. The black, green, blue, magenta and
cyan curves represent i = 30, 70, 90, 110 and 130◦, re-
spectively, with M = 1.4M, R=10 km, ν=400 Hz,
D = 10 kpc, vflame ∝ 1cos θ and ∆T = 1.5keV. In the
“symmetric” model the oscillation amplitudes increase
as the inclination angle gets closer to 90◦, where at each
time more temperature asymmetry would be observable.
In the cases where the ignition starts near the equator
there is a symmetry between inclination angles above
and below the equator. For example, for θs = 85
◦, the
amplitudes are almost the same for i = 70◦ and 110◦
and for i = 30◦ and 130◦. We note that such symme-
try doesn’t exist when the ignition starts off the equator.
In the “asymmetric” model the effect of the inclination
angle on oscillation amplitudes are similar to the “sym-
metric” model for the cases where the ignition starts near
the equator, but for off-equatorial ignitions, i = 90◦ no
longer corresponds to the highest amplitudes.
4. SUMMARY AND CONCLUSIONS
In this paper we have computed for the first time the
light curves and amplitudes of oscillations in X-ray burst
models that realistically account for both flame spread-
ing and subsequent cooling. This allows us to consis-
tently track the oscillation amplitude both during the
rise and decay (tail) in these models. We have com-
pared results from several models. We consider two vari-
ations of “canonical” cooling models, one “symmetric”
model in which each patch on the NS heats and cools
in the same manner, and another which allows for vari-
ations in the cooling timescale with latitude, as could
result from rotationally induced changes in the effective
gravity. We also explored a simple “asymmetric” model
where parts of the star that ignite first cool faster than
those that burn last. This may happen, for example, if
there is significant transverse heat exchange between hot
and cold regions, or if the local cooling time is shorter
near the ignition site than elsewhere on the star. We
showed that the “canonical” cooling models can gener-
ate oscillations in the tails of bursts, but they cannot
easily produce the highest observed modulation ampli-
tudes. One way to increase the modulation amplitudes
in such models is to increase the temperature contrast
during the burst. For a fixed cooling timescale this can
be done by decreasing the flame speed (increasing the rise
time), but to reach substantially higher amplitudes one
requires rise times longer than typically observed. Nev-
ertheless, a signature of such a “canonical” cooling wake
would be a positive correlation between burst rise time
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and tail oscillation amplitude. Another way to increase
the modulation amplitudes in the “canonical” model is
to include a latitude-dependent cooling timescale in the
temperature evolution. We showed in Figure 4 that al-
though this will boost the amplitudes, it is still not large
enough to explain the observed amplitudes in some of
the burst tails.
On the other hand, a relatively simple phenomenolog-
ical model with asymmetric cooling, where the speed
of the cooling wake is different in different regions on
the star, and is not symmetric about the rotation axis,
can achieve higher amplitudes consistent with the high-
est observed. While the particular asymmetric model
we employ is not rigorously self-consistent, and it may
tend to overestimate actual cooling asymmetries, its re-
sults demonstrate that asymmetric cooling processes can
boost the amplitude of tail oscillations, and are thus im-
portant areas for further research. Indeed, the amplitude
evolutions of several of the models in Figure 6 have some
qualitative similarities to that of the 4U 1728-34 burst
shown in Figure 1, in particular the rise in amplitude
several seconds after the peak.
A number of physical effects could plausibly lead to
asymmetric cooling, and we briefly discuss several here.
As we noted previously, significant transverse heat flow
could lead to such asymmetries. The ignition site is ini-
tially surrounded by cooler regions, thus, heat flow lat-
erally away from the hot spot could cool it faster than
regions which are last to burn, since they are surrounded
by hot, already ignited fuel. Previous work has shown
that the vertical scale height within the front is much
smaller than the relevant transverse length scales (for ex-
ample, the Rossby adjustment radius, Spitkovsky et al.
2002; Cavecchi et al. 2013). This suggests that thermal
conduction is unlikely to result in significant transverse
heat flow. However, 2D simulations indicate that larger
scale horizontal (zonal) and convective flows can be set-
up by the burning. These flows could perhaps transport
heat in a manner which induces some level of asymmet-
ric cooling like that present in our simple “asymmetric”
model. Fully 3D hydrodynamic simulations will likely
be needed to further explore the likely magnitude of any
such effects, and they can then be incorporated into fully
self consistent light curve models.
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